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New lower bound on SU(4)c gauge boson mass from CERN LEP measurements 
and KL + pe 
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Using the most recent experimental limit on KL + ps, the inputs from the CERN LEP mea- 
surements, and the top-quark mass, we obtain a new lower bound on the heavy SU(4)c gauge boson 
mass due to Pati and Salam to be MC > 906?fii TeV. 

PACS number(s): 12.60.Cn 
One of the most interesting extensions of the standard 
model is through the SU(4)c model of Pati and S&m 
[1] w+re leptons have been suggested as the fourth color. 
Apart &XI answering the question as to why leptons 
are different from quarks, the parity (P) and CP viola- 
tions in weak interactions [2] and small neutrino masses 
[3] can be attributed to arise from spontaneous sym- 
metry breaking5 if SU(4)c forms a part of a left-right 
symmetric gauge group SU(2)~xSU(2)fi x SU(4)c x P 
(z Gzz4p, g2= = g2R) which might undergo sponta- 
neous symmetry breaking to the standard model through 
Sum x SU(2)a x U(~)B-L x SU(3)c with or with- 
out the left-right discrete symmetry (= P, gx = g2R). 
A number of grand unified theories such as SO(lO), 
SU(16), Sum x SOUR, SO(18), Eg, and SU(4)4 con- 
tains G224~ as its subgroup. While G224~ might ex- 
ist as a good symmetry at high mass scales, the left- 
right asymmetric gauge group Gzz4 [3] with g2~ # g2R 

or =v)r. x WI,, x SU(4)c might survive as a good 
symmetry at much lower mass scales. Whether or not 
these gauge symmetries emerge from grand unified theo- 
ries (GUT’S), their spontaneous breaking to the standard 
gauge group at a scale MC > Mz is always accompa- 
nied by heavy SU(4)c gauge bosom leading to interest- 
ing muon-number-violating processes such as KL + pL&. 
Thus experimental limits on rare decay processes can set 
bounds on the SU(4)c-breaking scale, signifying observ- 
able new physics beyond the standard model. 

Several attempts were made earlier to obtain bounds 
on MC. While Pati and Salam [l] obtained a rough 
estimate MC > 3 x lo4 GeV from the ratio I?(KL --t 
p)/l?(Kr. + p+p-), Dimopoulos, Raby, and Kane 
(DRK) [4] derive 

(MC/sac) > 3.1 x 10’ GeV (1) 

using the experimental ratio I?(KL + pe)/r(K+ + 
@+v). In (l), g4c is the SU(4)c gauge coupling. Us- 
ing renormalization group equations (RGE’s), QCD car- 
rections, and the same experimental ratio as DRK, Desh- 
pande and Johnson [5] have obtained the improved bound 

MC > 3.5 x lo5 GeV (2) 

The purpose of this analysis is to obtain a more refined 
bound on MC using the measurements from the CERN 
e+e- collider LEP, the available data on the top quark 
mass and including the strong and electroweak interac- 
tion effects on quark mass evolutions from p = MC to 
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p = Mz, whereas only strong interaction effects were in- 
cluded in this range in Ref. [5] using the old data. As in 
Ref. [5], we include the impact of SU(3)c on the evolution 
of the down quark masses from p = Mz to Jo = 1 GeV, 
but using more accurate data on as(A4z) from CERN 
LEP and its extrapolations. For ow estimation we also 
use the most recent experimental limit on Kr. -i pF,*, 
which gives [6,7] 

B(& ~ @) ~ WL + P’e*) 
r(KL ~ p+yp) < 10-‘“.2s . (3) 

We consider the symmetry-breaking chain 

SU(2)L x SU(2)R x SU(4)c 

or 3 SU(Z), x U(l)y x SU(3)c 

SU(2)L x U(l)r,, x W4)c J MB 

U(l)., x SU(3)c , 

where the particle content below MC is taken to be min- 
imal as in the standard model with three fermion gener- 
ations and the standard ,Higgs scalar doublet. Using the 
effects of renormalization on the & and s-quark masses 
on the theoretical expression [5], the branching ratio in 
(3) at fi = po = 1 GeV can be written as 

B(KL --t pi?) = 
4?rZa;(Mc)n$R 

G$ sin’ 6’&(ms + ma)zM$ ’ (4) 

where the factor R in the right-hand side (RHS) of (4) 
accounts for the evolution of the quark masses from p= 
Mctofi=po=lGeV: 

R= (Rs [a,iJ21) {R= 
x IRzy [a~y;Mc)]=‘“~) ’ 

x [f&d]24’25 [.-$$]24’ar , (6) 
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FIG. 1. Graphical representation of the method of obtain- 
ing a numerical solution on the lower bound on MC. The 
horizontal shaded region (FR) is the RHS of the inequality 
(ll), whereas the curve FL represents the LHS. The lower 
bound is confined within the dashed vertical lines. Here log,, 
stands for logarithm based on powers of ten. 
The first, second, and third factors inside the tbre&xrly 
brackets on the RHS of (5) represent evolutioti of the 
& (or s-) quark mass via SU(3)c,~Su(2)~, and U(l)Y, 
respectively. For the sake of simplicity, we have ignored a 
very small contribution to the quark mass evolution due 
to U(l),,. In all earlier attempts [1,4,5], the electroweak 
effects on the d-quark mass evolution were ignored due to 
want of accurate values on the relevant gauge couplings. 
Also the top quark mass was not known. Now that the 
precision measurements at CERN LEP have led to the 
determination of the standard model gauge couplings and 
the top quark mass is given by the data &XII the Collider 
Detector at Fermilab (CDF) Collaboration [7-111, 

a;-,?(Mz) = 58.9 zt 0.21 , a,-,‘(Jvf~) = 29.72 rt 0.15 , 

a;;(MZ) = 8.33 zk 0.60 , mt = 174 zk 15 GeV , (9) 

the strong and electroweak effects on mass evolutions are 
known more accurately. We use the following well-known 
values of the masses for neutral K meson [7], muon, cur- 
rent quark masses md and rn. [7,12], Fermi coupling 
constant, and Cabibbo-Kobayashi-Makawa mixing an- 
!& [7]: 

nz~ = 0.493 GeV , rn, = 0.105 GeV , 

rn. = 0.150 GeV , md = 0.010 GeV , 

Gp = 1.166 x lOms GeV-’ , sin& = 0.22 (10) 

Using the renormalization of gauge couplings at the one- 
loop level and the values at It4z from (9), we obtain 
; % 1 3,14 [ 30.114 $ 2 1 --27,78 --l/82 
MC 9.118 f 0.6 + In zt 0.15 + In ,[ 58.54f0.21-$$I$ 1 , 
The inequality in (11) is distinctly different from that 
derived in Ref. (51. For the sake of convenience, we denote 
the LHS (FIHS) of inequality (11) as the function Fr, 

(FR). Using input values IYom (9) and (10) gives 

FR = 456.9?~~~$ TeV (12) 

In order to obtain the bound, we plot the LHS graphi- 
tally as a function of MC with mt = 174 zk 15 GeV as 
shown by the solid curve in Fig. 1 where the horizontal 
shaded region represents FR given by (12). The numeri- 
cal solution for the allowed range of values on the lower 
bound for MC is clearly demonstrated in Fig. 1 by the 
dashed vertical lines, leading to the improved estimates 

MC > 906-,,, f241 TeV (13) 

As compared to the earlier bound MC > 350 TeV 151, 
the lower limit has increased at least by a factor of 2 and 
our analysis reveals that the rare kaon decay experiments 
[6,7] have already probed into the SU(4)c gauge boson 
mass of 700 TeV. As stated earlier, the reasons for ob- 
taining the improved bound in the present analysis are 
due to (i) the inclusion of the effects of SU(3)c, Sum, 
and U(l)y on the quark mass evolutions, (ii) more accu- 
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rate information on the standard model gauge couplings 
based upon the precision CERN LEP measurements, (iii) 
information on the top quark mass, and (iv) the improved 
experimental limit on the branching ratio for KI, -+ PS. 
For the sake of simplicity, we have neglect&d two-loop 

effects and excluded the effects ,of U(l)., on the evolu- 
tion of the down quark mass from Mz to ~0, which is 
negligible. 
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